We report the complete genome sequence of the model bacterial pathogen Pseudomonas syringae pathovar tomato DC3000 (DC3000), which is pathogenic on tomato and Arabidopsis thaliana. The DC3000 genome (6.5 megabases) contains a circular chromosome and two plasmids, which collectively encode 5,763 ORFs. We identified 298 established and putative virulence genes, including several clusters of genes encoding 31 confirmed and 19 predicted type III secretion system effector proteins. Many of the virulence genes were members of paralogous families and also were proximal to mobile elements, which collectively comprise 7% of the DC3000 genome. The bacterium possesses a large repertoire of transporters for the acquisition of nutrients, particularly sugars, as well as genes implicated in attachment to plant surfaces. Over 12% of the genes are dedicated to regulation, which may reflect the need for rapid adaptation to the diverse environments encountered during epiphytic growth and pathogenesis. Comparative analyses confirmed a high degree of similarity with two sequenced pseudomonads, Pseudomonas putida and Pseudomonas aeruginosa, yet revealed 1,159 genes unique to DC3000, of which 811 lack a known function.
T he gamma subgroup of the Proteobacteria contains a number of important pathogens, including animal pathogenic Escherichia, Salmonella, Shigella, and Yersinia spp. and plant pathogenic Erwinia, Pantoea, Xanthomonas, Xylella, and Pseudomonas spp. (1) . The genus Pseudomonas is notable because it contains the clinically important human pathogen Pseudomonas aeruginosa, the agriculturally important plant pathogen Pseudomonas syringae, and the nonpathogenic bioremediation agent Pseudomonas putida. Strains of P. syringae are noted for their diverse and host-specific interactions with plants and may be assigned to one of at least 50 pathovars based on host specificity (2) . As a pathogen, P. syringae typically enters plant leaves through stomata, multiplies in the intercellular space (apoplast), and eventually produces necrotic lesions that are often surrounded by chlorotic halos (2) .
P. syringae pv. tomato DC3000 (DC3000) causes bacterial speck of tomato (3), a worldwide, economically significant disease that is representative of numerous bacterial plant diseases for which effective controls are still needed (4) . DC3000 is also a pathogen of the model plant Arabidopsis thaliana (5) . Importantly, the pathogenicity of DC3000 resembles that of most animal and plant pathogens in the gamma Proteobacteria, which rely on a type III secretion system (TTSS) to inject virulence effector proteins into host cells (6) . Highlighting the role of DC3000 as a model for plant-pathogen interactions, Ͼ35 genes encoding TTSS substrates have been experimentally identified in this strain (7) (8) (9) (10) (11) (12) , which exceeds the number demonstrated for any other bacterial pathogen to date. Furthermore, the pathogenicity of DC3000 resembles that of many important bacterial and fungal pathogens of plants where host specificity is controlled by ''gene-for-gene'' interactions in which a dominant allele in the host and a dominant allele in the pathogen condition the outcome of the plant-pathogen interaction (13) . In this study, we report the complete genome sequence of DC3000, highlight genes with a likely role in virulence, and compare the virulence gene arsenal of DC3000 with that of other plant and animal pathogens.
Materials and Methods
Sequencing and Annotation Methods. Strain DC3000 was originally isolated in 1960 from tomato in the Channel Islands in Guernsey, United Kingdom (ref. 3 ; D. Cuppels, personal communication). The culture was confirmed as pathogenic on susceptible host plants before high-throughput sequencing. The complete genome was sequenced as described previously (14) and detailed information is available as Supporting Sequencing Methods, which is published as supporting information on the PNAS web site, www.pnas.org. ORFs were identified by using the GLIMMER algorithm (15) . Predicted proteins were searched against a nonredundant amino acid database and searched for domains by using HMMER with the Pfam (16) and TIGRfam databases (17) . The ORFs were manually curated and assigned to role categories adapted from Riley (18) . Paralogous families were constructed as described previously (19) . Insertion-sequence (IS) elements were classified according to transposase gene similarity by using BLAST analysis with the ISFinder database (www-is.biotoul.fr͞).
Comparative Genomics. The presence of putative orthologs of DC3000 virulence factors in nine completely sequenced genomes of pathogenic proteobacteria was determined by BLASTP analysis by using a cutoff criterion of E Ͻ 10 Ϫ5 (20) . The reference genomes included the plant pathogens Ralstonia solanacearum (21) , Xylella fastidiosa (22) , Agrobacterium tumefaciens (23, 24) , Xanthomonas campestris pv. campestris (25) , and Xanthomonas axonopodis pv. citri (25) and the animal pathogens P. aeruginosa PAO1 (26) , Salmonella typhimurium LT2 (27) , Yersinia pestis CO92 (28) , and Escherichia coli O157:H7 EDL933 (29) .
Results and Discussion
Genome Features. The DC3000 genome is composed of one circular chromosome of 6,397,126 bp and two plasmids of 73,661 bp (pDC3000A) and 67,473 bp (pDC3000B) ( Fig. 1 and Table 1 ). A total of 5,763 ORFs were identified within the DC3000 genome. Among the predicted genes, 3,510 (61%) have been assigned a putative function, with the remaining designated as encoding a protein with unknown function, a conserved hypothetical protein, or a hypothetical protein. Classification of the known proteins into biological role categories (18) revealed that the largest category was transport and binding, followed by cellular processes (see Fig. 4 , which is published as supporting information on the PNAS web site). DC3000 is representative of pathogenic bacteria that have diverse relationships with plants as epiphytes and pathogens and thus likely requires an array of regulatory genes to cope with diverse niches, host responses, and environmental conditions. Indeed, 12% (711) of the DC3000 genes could be assigned to role categories associated with gene regulation, signal transduction, and transcription. A high degree of gene duplication exists in DC3000, and 2,735 genes (48%) were assigned to 687 paralogous families. Although the majority of paralogous families contained two members (see Fig. 5 , which is published as supporting information on the PNAS web site), 12 families have Ͼ25 members, and many of these large families encode either transporters or regulatory proteins. However, this group also includes families encoding methyl-accepting chemotaxis proteins, oxidoreductases of largely unknown specific- The chromosome, with the outermost circle depicting ORFs on the positive strand and the second circle depicting ORFs on the negative strand. The ORFs are color-coded based on the major grouping of role categories as follows: amino acid biosynthesis (salmon); biosynthesis of cofactors, prosthetic groups, and carriers (light blue); cell envelope (light green); cellular processes (red); central intermediary metabolism (brown); DNA metabolism (yellow); energy metabolism (green); fatty acid and phospholipid metabolism (purple); protein fate͞ synthesis (pink); purines, pyrimidines, nucleosides, and nucleotides (orange); regulatory functions (navy blue); transcription (gray); transport and binding proteins (teal); and unknown function, conserved hypothetical, and hypothetical (black). The third circle represents the ORFs with homologs present in all three Pseudomonas spp. (E Ͻ 10 Ϫ5 ). The fourth circle depicts the ORFs that are unique to DC3000 compared with P. aeruginosa and P. putida (E Ն 10 Ϫ5 ). The fifth circle represents mobile genetic elements, including IS elements (red), phage-related genes (light green), and plasmid-related functions (blue). The sixth circle depicts ORFs associated with virulence, which are color coded as follows: adhesins and other cell surface-associated factors (dark green), miscellaneous virulence factors (yellow), TTSS effectors, candidates, and helpers (red), TTSS regulatory and secretory proteins (brown), and low molecular weight diffusible factors (blue). The seventh circle is the GC skew, and the eighth circle represents atypical nucleotides. (B) The plasmids with the outermost circle representing ORFs on the positive strand and the second circle depicting ORFs on the negative strand, with the same color coding as A. The third circle represents ORFs shared by the two plasmids (E Ͻ 10 Ϫ5 ). The fourth circle depicts the ORFs with homologs present in all three Pseudomonas spp. (E Ͻ 10 Ϫ5 ) in navy blue and the ORFs that are unique to DC3000 compared with P. aeruginosa and P. putida (E Ն 10 Ϫ5 ) in green. The fifth circle represents mobile genetic elements (color-coded as in A). The sixth circle depicts ORFs associated with virulence (color-coded as in A).
ities, and transposases of the IS4 family. A total of 5 rRNA operons, 5 structural RNAs, and 63 tRNA genes were present, all on the chromosome.
Comparative Genomics with Fluorescent Pseudomonads. The complete genome sequences for two other pseudomonads, P. aeruginosa PAO1 (26), an opportunistic animal pathogen, and P. putida KT2440, a saprophytic soil bacterium (30) , are available. Of the 5,608 ORFs in DC3000 that predict a functional protein, 4,449 (79%) have homologs (BLASTP E Ͻ 10
Ϫ5
) in either P. aeruginosa or P. putida and 3,797 (68%) are present in all three genomes (Fig. 1 ). The 1,159 (21% of the total) genes that are unique to DC3000 are heavily enriched in hypothetical proteins (551), conserved hypothetical proteins (203), mobile genetic elements (116), and proteins of unknown function (57) . Other genes unique to DC3000 include 96 that are implicated in virulence (see below for more details).
Metabolism. The key metabolic pathways in DC3000 (glycolysis, gluconeogenesis, tricarboxylic acid, and pentose phosphate cycles) are shared with P. putida and P. aeruginosa. However, the absence of lactate dehydrogenase in DC3000 results in an inability to convert pyruvate to lactate. Taxonomic classification based on the arginine dihydrolase and oxidase tests also distinguishes DC3000 from P. putida and P. aeruginosa, which are positive in both tests (31) . DC3000 lacks arginine dihydrolase and subunits of the aa 3 -type cytochrome c oxidase.
The utilization of ␥-aminobutyric acid (GABA) occurs by means of the GABA transaminase-catalyzed deamination of GABA to succinic semialdehyde, which is then oxidized to succinate by succinate semialdehyde dehydrogenase (SSADH) before entering the tricarboxylic acid cycle. In DC3000, there are three copies each of GABA transaminase and SSADH, as well as a GABA permease. Although the composition of the apoplast during a compatible interaction with DC3000 is unknown, GABA is present at millimolar concentration in the apoplast during infection of tomato with the biotrophic fungal pathogen Cladosporium fulvum (32) . Thus, if GABA is available in the apoplast during infection of tomato, DC3000 appears amply equipped to use this as a carbon and nitrogen source.
General Transport Systems. Like the other sequenced pseudomonads, DC3000 possesses very extensive transport capabilities. However, it differs significantly from P. putida and P. aeruginosa in having a greater capacity for sugar transport and a correspondingly decreased number of amino acid transporters. Importantly, DC3000 has 15 ABC transporter systems with predicted specificities for arabinose, xylose, ribose, and other plant-derived sugars, whereas P. putida and P. aeruginosa each encode only 4 ABC sugar transporters. In contrast, DC3000 encodes only 4 APC-family transporters for amino acids and other compounds, compared with the 21 APC transporters present in both P. putida and P. aeruginosa. DC3000 also encodes 9 RND-type efflux systems for drugs or cations, including probable orthologs of the Mex systems of P. aeruginosa, as well as a broad range of other predicted efflux systems. Thus, broad export capabilities appear to be a common feature of the pseudomonads.
Type I secretion is one-step process exemplified by E. coli hemolysin secretion (33) , and homologs of the essential components of the pathway are present in DC3000. The type II secretion pathway is an extension of the general secretory pathway (34) , and 14 genes predicting components of this pathway were identified in DC3000. Genes similar to gspC and gspO were not found; however, gspC is not present in all systems, and the function of GspO can be replaced by the prepilin peptidase PilD, which is present in the genome. A functional type IV secretion system was not identified in DC3000.
Virulence Mechanisms. DC3000 encodes a wide range of proteins that are implicated in virulence (35) . We are interpreting virulence here to include processes such as motility, adhesion, injection of effector proteins into host cells, degradation of host cell walls, production of phytotoxic compounds, iron acquisition, and interference with host defenses, which may promote epiphytic growth as well as actual disease expression (Fig. 2) . We identified 298 genes (5% of the total) in the virulence category ( Table 2 , which is published as supporting information on the PNAS web site). The virulence genes are addressed below.
TTSS and Effectors.
The TTSS is key to the plant parasitism of P. syringae pathovars (Fig. 2) . Most of the hrp (hypersensitive response and pathogenicity) and hrc (hrp conserved) genes encoding the TTSS system are essential for pathogenicity, which indicates the collective importance of the effector proteins that are injected into plant cells by the system (6). Hrp effectors are primarily known as Hop (Hrp outer protein) or Avr (avirulence) proteins, based on the phenotype by which they were discovered (11) . Functional analysis of the DC3000 genome has yielded genes for 31 effectors and 7 additional proteins secreted by the Hrp system that likely have a role in translocating effectors across the plant cell wall and plasma membrane (8) (9) (10) (11) (12) 36) . The associated hop, avr, and hol (Hop-like candidate) genes may provide markers to regions of the genome that are enriched in other virulence genes (Fig. 3) . Over half of these TTSS effectors are encoded in one of several regions containing multiple effector genes (Fig. 1 ). One region with multiple effector genes is located on pDC3000A and contains avrPpiB2 Pto , avrPphE Pto , hopPtoS1, and hopPtoT1. Interestingly, an identical copy of avrPpiB2 Pto is located on the chromosome, which could provide a site for integration of the plasmid in a manner similar to that observed with pFKN in P. syringae pv. maculicola M6 (37) . Two other clusters of effector genes are found in the region encoding the phytotoxin coronatine (COR) (Fig. 3) . Members of effector gene paralogous families are scattered around the genome and typically have an unusually low GϩC content ( Table 2) , suggesting that such families may have grown by sequential horizontal acquisitions. Interestingly, at least four of the DC3000 effector genes are disrupted by mobile genetic elements (Tables 2 and 3 , which are published as supporting information on the PNAS web site), as highlighted by comparison with orthologs in the draft genome of P. syringae pv. syringae B728a (12) . Additional information on DC3000 TTSS effectors and an updated list can be found at http:͞͞ pseudomonas-syringae.org.
Plasmid-Borne Virulence-Implicated Genes. Consistent with previous reports (38), DC3000 contains two plasmids (pDC3000A and pDC3000B) that are similar to the pPT23A family of P. syringae plasmids (39) . There is substantial redundancy between the two plasmids, with 47 proteins sharing similarity (E Ͻ 10 Ϫ5 ). The majority of the conserved proteins are involved in plasmid replication, conjugation, or transposition-related functions. There also are many genes unique to each of the plasmids, with a clear enrichment of genes implicated in virulence on pDC3000A. However, we found no evidence for a major role of the plasmids in virulence. Using previously described methods (40), we inserted sacB in pDC3000A and repA in pDC3000B to construct DC3000 derivatives lacking pDC3000A, pDC3000B, or both plasmids. Assays involving dipping of tomato cv. Moneymaker and A. thaliana Col-0 in inoculum (5 ϫ 10 5 colony-forming units per ml) revealed no major difference in bacterial growth in planta or in symptom production (data not shown). This observation is consistent with the finding that most of the known plasmid-borne TTSS effector genes, which are all on pDC3000A, have paralogs on the chromosome.
Siderophores. Siderophores are low molecular weight, high-affinity iron(III) chelators that function as important virulence factors in many bacterial pathogens because of their role in sustaining growth in iron-limited host environments. Synthesis of the siderophore pyoverdin is well documented among fluorescent pseudomonads (41) , and the required genes are present in a single cluster in DC3000. Also, a cluster of genes homologous to those required for biosynthesis of the siderophore pyochelin by P. aeruginosa has been found. However, several observations suggest that the encoded proteins actually produce yersiniabactin, a siderophore that shares a common tricyclic core with pyochelin (42) . First, DC3000 contains a gene encoding a large polyketide synthase (PKS) in the middle of the pyochelin gene cluster and this has no homolog in P. aeruginosa (or P. putida). This gene shows extremely high similarity with the PKS gene (irp1) found in the yersiniabactin gene cluster of Y. pestis (43) . Second, there is no homolog of the pyochelin receptor gene of P. aeruginosa ( fptA) in DC3000; however, a receptor gene is present that is highly similar to the pesticin͞yersiniabactin receptor gene from Y. pestis ( fyuA). Third, the structure of PSPTO2602, a nonribosomal peptide synthase in this cluster, differs from its P. aeruginosa counterpart in that a methylation domain and a terminal Fig. 1 (circle 6) , with the exception that a lighter blue is used for the nonribosomal peptide synthase genes, and the mobile genetic elements are white. The genome display was generated by using ARTEMIS (www.sanger.ac.uk͞ Software͞Artemis͞) to view the chromosome (AE016853) with the aid of input files for a variety of virulence-related features that are available at http:͞͞ pseudomonas-syringae.org and http:͞͞monod.cornell.edu.
thioesterase domain are lacking, consistent with a yersiniabactin synthase.
Phytotoxins and Phytohormones. COR is a chlorosis-inducing phytotoxin produced by several P. syringae pathovars, including DC3000 (44) . COR is hypothesized to function as a molecular mimic of methyl jasmonate and may promote colonization of host tissue by altering plant defense signaling pathways (45) . COR is representative of biologically active small molecules that can diffuse in plant tissues (Fig. 2) , and it is responsible for the chlorotic halos surrounding the necrotic lesions caused by DC3000 (44) . The structure of COR consists of coronafacic acid and coronamic acid (CMA), joined by an amide linkage (46) . Unlike many P. syringae pathovars where the COR genes are clustered and plasmidencoded (46), the COR genes in DC3000 are chromosomally encoded, and the coronafacic acid and CMA structural genes are separated by 26 kb (Fig. 3) . In DC3000, the CMA biosynthetic genes are linked with a modified two-component regulatory system, composed of corS, corR, and corP (46) . Interestingly, analysis of the CMA region of DC3000 revealed four genes (PSPTO4707, 4708, 4711, and 4713) interspersed among those previously identified with roles in COR synthesis. Consistent with the annotation of the COR region, initial proteomic studies with DC3000 revealed that the HrpL-alternative factor, which regulates DC3000 hrp genes (8), induces production of a protein encoded by PSPTO4668 in the coronafacic acid region (D.J.S. and S.C., unpublished data; http:͞͞ monod.cornell.edu). There is no evidence in the DC3000 genome for the biosynthesis of any of the known P. syringae lipodepsinonapeptide phytotoxins, including syringomycin, syringotoxin, syringostatin, and pseudomycin. Syringopeptin, a lipodepsipeptide produced by P. syringae pv. syringae (46) , is also absent. However, DC3000 does contain five nonribosomal peptide synthases in three separate gene clusters (PSPTO2829, -2830, -4518, -4519, and -4699) that may direct the biosynthesis of undescribed peptide or lipodepsipeptide products. Production of the phytohormone indole-3-acetic acid (IAA) by certain P. syringae pathovars has been shown to influence bacterial growth in planta and the expression of other virulence factors (47, 48) . The two genes required for IAA production, iaaH and iaaM, are present in DC3000. Interestingly, iaaL (IAA-lysine ligase), which can convert IAA to a less active derivative and is widespread in P. syringae pathovars (47) , is present in the DC3000 genome but lacking in the genomes of all of the other fully sequenced plant pathogens ( Table 2 ). The presence of a functional Hrp promoter upstream of iaaL additionally suggests a role in P. syringae virulence (8).
Adhesins. Pathogenic bacteria rely on a variety of cell surfaceassociated virulence factors to facilitate adhesion to the host and provide protection during colonization. Type IV pili (Tfp) represent one of the major adhesins found in pseudomonads (49) . Tfp were previously identified in P. syringae and appear to play a role in epiphytic fitness (50) . Analysis of the 23 Tfp-associated genes suggests that regulation of Tfp production differs significantly between DC3000 and P. aeruginosa. Filamentous hemagglutinin (FHA) has also been shown to be an adhesin and a virulence factor in animal pathogenic bacteria and the plant pathogen Erwinia chrysanthemi (51) . Three genes predicting FHA-like proteins were identified in DC3000 (PSPTO3210, 3214, and 3229).
Extracellular Polysaccharides. Components of the polysaccharide capsule, such as the exopolysaccharide alginate, play a role in both adhesion and protection of the bacterial cells from external stress (52) . Among plant pathogenic pseudomonads, alginate production has been linked to epiphytic fitness and the production of watersoaked lesions (53) . All of the genes required for alginate biosynthesis in P. aeruginosa are present in DC3000, although some of the alginate regulatory genes are absent, indicating that the regulation of alginate biosynthesis differs between P. aeruginosa and P. syringae, consistent with previous reports (54) . Three genes encoding levansucrases, required for the biosynthesis of the polysaccharide levan, were also identified in DC3000.
Tolerance to Reactive Oxygen Species or Heavy Metals. P. syringae and other pathogens can trigger an oxidative burst in plants, which results in the production in the apoplast of reactive oxygen species such as superoxide anion and hydrogen peroxide (H 2 O 2 ). Superoxide dismutases (SODs) convert superoxide to H 2 O 2 , which can be detoxified to water by catalase. In addition to its antimicrobial properties, H 2 O 2 functions as a signaling molecule within plant cells in processes involving pathogen defense and programmed cell death (55) . DC3000 has three catalases and three SODs. Other enzymes in DC3000 that may play a role in scavenging reactive oxygen species include six peroxidases, eight GSTs, and two glutathione reductases. In addition, DC3000 encodes a single peptide methionine sulfoxide reductase, which reduces methionine sulfoxide to methionine, thereby functioning as a repair enzyme for proteins inactivated by oxidation.
One strategy to control bacterial plant pathogens in the field is the use of copper-based bactericides, which are toxic to bacterial cells at high concentrations. For bacterial speck of tomato, this has led to the emergence of copper-resistant strains (56) . In P. syringae pv. tomato strain PT23.2, resistance to copper is mediated by four structural genes, copA-D, as well as two regulatory genes, copR and copS, which encode a two-component regulatory system (57). DC3000 is not resistant to copper (C.L.B., unpublished data), and examination of the genome revealed that although copA and copB are present, DC3000 lacks the structural proteins CopC and CopD, as well as the regulatory proteins CopR and CopS. Interestingly, homologs of CopR and CopS (PSPTO3603, 1306) are present in DC3000 and may function in regulating responses to other heavy metals.
Other Proteins Relevant to Virulence. Pectic enzymes and cellulases were previously identified in other Pseudomonas spp., and pectate lyase has been shown to influence the final symptoms produced by P. syringae pv. lachrymans (58) . Genes encoding cell-wall-degrading enzymes are present in DC3000 and include a pectin lyase, a polygalacturonase, and three enzymes predicted to have cellulolytic activity (PSPTO1029, PSPTO3534, and PSPTO0905). As previously noted, DC3000 has two insecticidal toxin gene clusters (9) . Although P. syringae is not known to be an insect pathogen, insects may be casual vectors of epiphytic bacteria on wet leaves (2) . It is also worth noting that DC3000 lacks a gene encoding the outermembrane ice nucleation protein, which enables many strains of P. syringae to cause frost damage on plants (2) .
Mobile Genetic Elements and Their Potential Impact on the Genome.
A total of 382 genes (7%) in the DC3000 genome were classified as mobile genetic elements, including genes encoding 270 proteins that function in transposition, 54 proteins with plasmid functions, and 58 proteins with prophage functions. Compared with other published plant pathogen genomes (21) (22) (23) 25) , this is the highest percentage seen to date, resulting in 24 ORFs interrupted by an IS element or phage protein (Table 3 ). The transposable element class, which includes the IS elements, accounts for 5% of the DC3000 ORFs (Table 4 , which is published as supporting information on the PNAS web site). The IS elements vary widely in their copy number, presumably reflecting a combination of transposition frequency and residence time in the genome. Multiple prophage regions also are present in DC3000, which collectively encompass ϳ118 kbp of the genome (Table 5 , which is published as supporting information on the PNAS web site). The impact of mobile genetic elements on the DC3000 genome is seen by their frequent association with regions that lack homologs in P. aeruginosa and͞or P. putida, that are enriched in atypical nucleotides potentially indicative of hori-zontal acquisition, and͞or that encode either TTSS effectors or proteins of unknown function. One such region, shown in Fig. 3 , contains a potpourri of known and candidate virulence factors, including catalase and GST genes, COR biosynthetic genes, a nonribosomal peptide synthase preceded by a Hrp promoter, and two clusters of effector genes, along with multiple mobile genetic elements, one of which has disrupted a hopPtoD paralog.
Comparative Genomics of Virulence. We performed a comparative analysis involving 298 putative virulence genes in DC3000 and the complete genome sequences of nine plant and animal pathogenic proteobacteria, which revealed that 86 genes are common to all of these pathogens ( Table 2 and Fig. 6 , which is published as supporting information on the PNAS web site). The pathogen with the most similar genes was P. aeruginosa PAO1 (191 genes; 64% of the virulence factors), which reflects the relatedness of DC3000 and PAO1 and the large number of similar genes involved in flagellum, alginate, and Tfp production. Not surprisingly, among the 65 virulence genes that are unique to DC3000, 33 encode TTSS effectors, helpers, and candidates, which is consistent with the specialized nature of TTSS-based host-pathogen interactions.
Another promising source of virulence candidates is the set of genes unique to DC3000 that were identified in comparative analyses with P. putida and P. aeruginosa. A search of the 811 genes of unknown function in this category revealed that 635 also were unique to DC3000 in comparisons with all eight of the reference pathogen genomes. However, four of these genes were present in all of the plant pathogenic bacteria, and another set of four were present exclusively in all animal pathogenic bacteria (Table 6 , which is published as supporting information on the PNAS web site).
In considering DC3000 virulence genomics, it is worth noting that pioneering genetic studies with P. syringae yielded a paradox that has long frustrated comprehensive exploration of the virulence of this pathogen (59, 60) . That is, despite the many indications that P. syringae is a highly coevolved plant parasite, screens for mutants with reduced virulence have yielded primarily mutants disabled in a single system, the Hrp TTSS. The complete genome sequence of DC3000 clarifies the basis for this paradox in the redundancy of many of the candidate virulence factors. The sequence will now facilitate the construction of polymutants that can test the role of genes with overlapping function, and it will foster the identification of novel virulence factors through targeted investigation of genes that are unique or duplicated in comparison with P. aeruginosa and P. putida or in regions showing signatures of horizontal acquisition. In conclusion, P. syringae pathobiology has been described as a ''highly dynamic, highly variable matrix of interactions of bacteria of widely variable genotypes with a broadly variable group of plants' ' (61) , and the plethora of mobile genetic elements and associated virulence factors that we found provides a genomic basis for such a dynamic association with plants.
